PI 


VOLUME 81 PAPER No. 789 


ROCEE DINGS 


AMERICAN SOCIETY 
OF 


CiVIL ENGINEERS 
SEPTEMBER, 1955 


ENGINEERING PROBLEMS IN U.S. 
TIDAL WATERWAYS 


by J. H. Douma, A.M. ASCE 


HYDRAULICS DIVISION 


{ Discussion open until January 1, 1956} 


Copyright 1955 by the American Society oF Civit ENCINEERS 
Printed in the United States of America 


Headquarters of the Society 
33 W. 39th Se. 
New York 18, N. Y. 


PRICE $0.50 PER COPY 


789 | 
| 
at i 


THIS PAPER 


--represents an effort by the Society to deliver 
technical data direct from the author to the 
reader with the greatest possible speed. To this 
end, it has had none of the usual editing required 
in more formal publication procedures. 


Readers are invited tosubmit discussion apply - 
ing to current papers. For this paper the final 
date on which a discussion should reach the 
Manager of Technical Publications appears on 
the front cover. 


Those who are planning papers or discussions 
for “Proceedings” will expedite Division and 
Committee action measurably by first studying 


“Publication Procedure for Technical Papers” 
(Proceedings Paper No, 290). For free copies 
of this Paper—describing style, content, and 
format—address the Manager, Technical Publi- 
cations, ASCE. 


Reprints from this publication may be made on 
condition that the full title of paper, name of 
author, page reference, and date of publication 
by the Society are given. 


The Society isnot responsible for any statement 
made or opinion expressed in its publications. 


This paper was published at 1745 S. State Street, 
Ann Arbor, Mich., by the American Society of 
Civil Engineers. Editorial and General Offices 
are at 33 West Thirty-ninth Street, New York 18, 


ENGINEERING PROBLEMS IN U. S. TIDAL WATERWAYS 


J. H. Douma,! A.M. ASCE 


SYNOPSIS 


The large increase in waterway commerce and vessel size in recent years 
has made it necessary to improve most of the coastal harbors in the United 
States by enlarging, deepening, or, in some cases, confining natural waterway 
channels to meet the navigation requirements. Many inter-related factors, 
common in tidal waterways but foreign to river or channel flow free of tidal 
influences, contribute toward complexities in the functional planning, design 
and maintenance of tidal waterways for which sound basic theories have not 
been developed; hence judgment, based on past experience, must be relied 
upon for solutions to many of the related engineering problems. 

Engineering problems in tidal areas of interest to navigation may be 
divided into three general classifications: (1) Those relative to shoaling of 
inlet and bar channels where tidal and littoral currents, littoral drift and wave 
action affect rate and location of shoaling; (2) those relative to shoaling of in- 
terior channels, slips, turning basins, and other navigation facilities where 
movement and deposition of material are controlled primarily by tidal cur- 
rents; and (3) those relative to hydraulic phenomena, such as tidal elevations 
and ranges, current velocities and directions, salinity intrusion, surges, etc. 

The influencing factors are listed and those concerning surges in harbors, 
salt-water intrusion and shoaling are discussed in detail. Problems en- 
countered in the design of four major component parts of tidal waterway im- 
provements; namely, bar channels, jetties, interior channels and breakwaters, 
are reviewed, and general statements of possible solutions are presented. 
Tidal waterway maintenance, particularly with regard to dredging, is de- 
scribed briefly, and the need for provision of sufficient maintenance funds is 
stressed. Some tidal-waterway problems are illustrated by discussions of 
the improvements at the mouth of the Mississippi River, Grays Harbor and 
the mouth of the Columbia River. 


INTRODUCTION 


Navigation of tidal waterways dates back many centuries to the days when 
the Phoenicians plied the seven seas, but it is only within the last 100 years 
that man has made major improvements to the natural waterways of the world. 
With the development of navigation and the continuous increase in the size and 
draft of vessels it became necessary to provide protection to waterway en- 
trances and harbor areas by the construction of jetties and breakwaters and 
to dredge deeper and wider navigation channels. 

Obviously, definite knowledge of reliable relationships between the tidal 
regimen and the physical characteristics of the tidal waterway became 
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essential, particularly for determining in advance the effects of any planned 
major operation on the waterway. Also, such knowledge was needed in con- 
nection with planning of regulatory works and dredging operations with a view 
of maintaining navigation project depths in shoaling reaches of tidal water- 
ways. It was soon discovered by costly experience that in designing regula- 
tory works for local improvement in a given reach of an estuary, the possible 
adverse effects in other sections of the waterway system must not be over- 
looked. 

A large percentage of the civil works projects in the United States assigned 
to the Corps of Engineers involves the improvement of tidal waterways, which 
are inevitably costly, but can be much less so if there are sufficient data to 
prevent expensive errors in engineering design. 


Factors Affecting Tidal Waterways 


Tidal phenomena occurring in any waterway seldom result from a single 
cause; rather they are a more or less complex interaction of a number of 
factors. Therefore, if a change in the regimen of a waterway is desired in 
order to effect an improvement, the change in each contributing factor and in 
the resulting interaction must be determined. The principal factors to be 
taken into consideration in the solution of problems of construction and main- 
tenance of tidal waterways are: (1) Tides, (2) surges in harbors, (3) fresh- 
water discharge, (4) salt-water intrusion, (5) waves and currents, (6) littoral 
drift, (7) fresh-water sediments, (8) characteristics of waterway bed and 
banks, (9) shoaling characteristics, (10) navigation channel characteristics 
and (11) navigation requirements. 

The conditions producing the tide at the mouth of a waterway are well un- 
derstood and general information on the behavior of ocean water in its advance 
and retreat in tidal waterways is available, but, as is evidenced by the several 
controversial tidal theories, laws describing the interactions of all the factors 
involved have not been established which can be used with reasonable confi- 
dence to predict the magnitude of tides, currents and surges in a proposed 
new tidal waterway, or to determine in advance the effect of major physical 
changes in the tidal regimen. While the subjects of littoral drift, channel 
shoaling and saltwater intrusion have been and are being extensively investi- 
gated at some localities, sufficient comprehensive studies have not been com- 
pleted to formulate design methods and procedures for general application. 
Therefore, in most cases, it is found necessary to conduct extended investiga- 
tions to determine the effects of those factors on project plans. Although 
navigation requirements regarding channel dimensions and alignment are well 
established, mainly as a result of experience of pilots in handling ships 
through tidal waterways, generalized design criteria have not been established 
for navigation channel appurtenances, such as dikes, jetties, etc. which are 
constructed to maintain navigation channels by preventing or reducing shoal- 
ing, and here again, detailed studies, including model tests, are required in 
the development of project plans for those appurtenant structures. 

Examples of related factors to be considered in designing tidal waterway 
improvements are that: (1) future changes in channel dimensions and align- 
ments will produce changes in flow conditions which may materially affect 
navigation and maintenance, (2) distances to which salt water moves upstream 
in a tidal channel may be so altered by project changes that industries or ir- 
rigation projects using river water would be seriously damaged or made in- 
effectual, and (3) construction of a breakwater to protect certain docking areas 
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of a waterway or of jetties to prevent shoaling in one area may so alter wave 
patterns and tidal currents that equally undesirable shore erosion or shoaling 
conditions may develop in other areas of the waterway. 

Three of the factors listed above; namely, surges in harbors, salt-water 
intrusion and shoaling, are selected for more detailed discussion. These 
three factors produce some of the most interesting and important engineering 
and economic problems in tidal waterways. 


Surges in Harbors 


Surges are of importance in the design and construction of harbor facilities, 
since these disturbances affect floating objects within the confines of the har- 
bor. The most striking example has been in connection with the mooring of 
ships to piers, for, even when restrained by heavy tackle, moored ships have 
been subjected to drift amplitudes of up to 10 feet, snapping mooring lines, 
breaking piles, and damaging the ships themselves. It has been fairly well 
established that in practically all cases surges in harbors result from long- 
period wave trains arriving from the open sea, one clearly recognized source 
of such waves being seismic disturbances, which frequently occur in the 
Alaskan region of the Pacific Ocean. 

The problem in designing harbors subject to surges is to locate mooring 
facilities in areas of minimum vertical motion, usually areas in which surge 
amplitudes are a minimum as a result of refractive and diffractive effects. 
Since these effects are determined by the configuration of the reflecting 
boundaries, the harbor shape will have an important bearing on the dampen- 
ing effect on waves and water motion within the basin. Thus, in a typical de- 
sign study it may be necessary to consider the effects of a number of possible 
development plans, each of which’imply a change in the basin dampening ca- 
pacity. As the factors that determine the dampening capacity of a harbor with 
various proposed improvement plans are difficult to evaluate by analytical 
methods, model studies should be conducted to minimize surge motion and to 
define optimum areas within the harbor for specified types of operational ac- 
tivity. 


Salt-Water Intrusion 


Among the many hydraulic phenomena which involve density currents, the 
one relating to the intrusion of saline waters from a sea into a river or an 
estuary is of prime significance to coastal engineering. Other problems 
which are encountered include: (1) The effect of releasing salt water from a 
navigation lock into the fresh water of a navigation canal, (2) the effect of in- 
trusion of salt water from a canal into a fresh-water lake, and (3) the effect 
of constructing sills or other works to curb salt-water intrusion. Flow char- 
acteristics in the salt intrusion phenomena, involving the mechanism of inter- 
facial resistance, the individuality of the moving saline wave fronts, velocity 
distribution in vertical sections, the criteria of interfacial mixing and the 
mixing in the fresh water above the saline wedge are not well understood. 
Although model testing is obviously a reliable approach to the understanding 
of some of the problems, model laws for density current phenomena are not 
well established. 

In agricultural areas lying adjacent to tidal waterways the interest is in 
the extent of the salt-water intrusion, *ecause the inland flow contains dam- 
aging amounts of salt, which requires that lands be drained and provisions 
made to restrict contamination of the underground fresh-water, if the lands 
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are to remain productive. Another important practical problem is the con- 
tamination of industrial and domestic water supplies along tidal waterways, 
as in the lower reaches of the Mississippi River where one of the principal 
objections to the presence of salt water in the river is pollution of the water 
supply at New Orleans. The intrusion of salt water from the Gulf of Mexico 
is in the form of a wedge having a fairly well defined interface which moves 
upstream through the Mississippi Passes under the fresh water. Last year, 
1953, during extremely low fresh-water flow in the river, the upper end of 
the salt-water wedge reached a maximum distance of 170 miles upstream 
from the Gulf, or 47 miles above the city limits of New Orleans. 

As a contribution to the study of salt-water intrustion, the Corps of Engi- 
neers, U. S. Army, has initiated and is supporting various studies on this sub- 
ject, which are being carried out by the Committee on Tidal Hydraulics, the 
Waterways Experiment Station and the National Hydraulic Laboratory of the 
Bureau of Standards. These studies should add considerably to the knowledge 
of the mechanics of density flows and model laws for salt-water intrusion. 


Shoaling in Tidal Waterways 


The most wide-spread and costly problem is the matter of shoaling in 
navigation channels. The prevention of shoaling, thereby maintaining naviga- 
tion depths, requires either constant maintenance dredging or the construction 
of costly training works in many of our important waterways. 

The principal natural sources of the material causing shoaling in tidal 
waterways are: (1) The watershed area from which fresh-water runoff 
reaches the tidal section; (2) caving banks and eroding stream beds in the 
rivers leading to the tidal section; (3) marsh areas from which marsh streams 
discharge into the tidal section; and (4) the ocean area adjacent to the mouth 
of the river. Shoaling of improved channels may also result from improper 
deposit of dredge spoil, and redistribution of bottom material lying outside of 
the navigation channel by wave action, cross currents, and other such forces. 
In some localities fine, dry material is blown by winds into the waterway from 
beaches and similar areas. And it is thought by some that under certain con- 
ditions soft material may reach adjacent channels after being squeezed from 
under spoil banks. 

The Shoaling material in navigation channels of tidal waterways which have 
large river inflows, such as the Columbia River Estuary, is almost entirely 
sand of various gradations. One the other hand, in tidal waterways which have 
large tidal prisms compared to the fresh-water inflow, such as the Delaware 
River and San Francisco Bay, the shoal material is usually referred to as 
mud. Some of this mud first reaches the tidal section as suspended matter, 
containing considerable collodial material, in the fresh-water flow. Upon 
contact with the salt water, flocculation begins, and, as the material travels 
downstream in the ebb flow, the process proceeds at various rates, depending 
on conditions of temperature, salinity, turbulence, etc. until the flocs attain 
a specific gravity or other condition which causes them to sink to the bottom. 
They are then moved about under the varying current conditions until a loca- 
tion favorable for deposit is reached. 

In the upper reaches of the tidal section of a river or estuary, the fluvial 
characteristics predominate over the tidal, and the knowledge of transport of 
water-borne material in non-tidal streams may be found largely applicable. 

In the lower reaches of the section, however, tidal influences usually control; 
therefore, material movement and other shoaling processes do not follow the 
pattern for non-tidal streams, especially where the water-borne material is 
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predominately that carried in suspension. The movement of material ina 
tidal waterway leading to the formation of a shoal is not the simple process 
of a single deposit of material in a given location but the end result of a com- 
plicated series of pickups and deposits, of movements to and fro. 

One aspect of the shoaling problem that merits more attention is that it is 
often preponderantly due to extreme rather than average conditions. Material 
deposited in a shoal by currents resulting from normal flows may be removed 
by higher velocities and a further increase in these velocities may induce 
scour and movement of the material to another locality, whereas material de- 
posited by less frequent high velocities is unlikely to be removed by lower 
velocities. A channel that remains open during normal conditions may be 
virtually filled during a single severe storm or freshet with suspended or 
bed-load material carried by the high velocities. This is probably the reason 
that formulas and plans developed in the light of mean tidal ranges, mean 
fresh-water flows, and other more usual conditions have often failed in their 
application. 

Another aspect is that shoaling is predominately governed by conditions at 
or near the bottom of the waterway which may explain why improvements 
planned from the results of surface or mid-depth float or current-meter ob- 
servations have failed. This emphasizes the need for more complete knowl- 
edge of the characteristics of the salt-water wedge, the flow conditions around 
it during its advance and retreat, its effect on newly deposited sediment and 
that still in suspension, as well as the need for a more extensive use of that 
knowledge in planning improvements. 

A further fact to be considered is that an improvement which eliminates 
shoaling in one area will very probably cause or increase shoaling in some 
other area and if the new area is elsewhere in the navigation channel, the im- 
provement will be to some extent self defeating unless additional counteract- 
ing measures are taken. In some instances it is possible to perfect plans of 
improvement which will provide adequate bottom velocities to keep the shoal- 
ing material in motion and eventually pass it entirely through the waterway. 


Planning and Design of Tidal Waterway Improvements 


Too frequently in the past, waterway improvements have been built without 
benefit of comprehensive planning and design, and as a result many structures 
have failed for lack of strength to withstand the forces to which they are sub- 
jected, while others have been overbuilt to such an extent as to be wasteful of 
public and private funds. As a basis for functional planning and design, the 
factors previously discussed should be considered, if pertinent, for each lo- 
cality. Then analyses of the factors involved together with determination of 
possible construction methods and availability of materials usually will sug- 
gest several alternative methods of improvement. In selecting the best plan, 
preliminary plans for all of the methods believed capable of producing the 
desired end result should be prepared and compared economically. In addi- 
tion, the effects beyond the limits of the problem area must be evaluated in 
terms of public interest and with a view to possible liability. Four major 
structures or parts of tidal waterway improvements; namely, bar channels, 
jetties, interior channels and breakwaters are discussed herein. 


The Bar Channel 


The bar or shoal area lying off the mouth of a tidal inlet is an accumula- 
tion of sediment fed by littoral drift moving along the adjoining coastal shore, 
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augmented in some cases by sediment from upstream sources. The bar is 
traversed by one or more natural channels maintained by tidal flow, the larg- 
est of which is nearly always the path of the principal ebb current. Continuing 
encroachment of littoral sediment causes bar channels to shoal and to migrate, 
so that natural bar channels are seldom suitable for navigation requirements. 

In the location and design of an improved bar channel, the volume and cur- 
rent pattern of tidal and fresh-water flow in the inlet; the characteristics of 
sediment discharge; the direction and location of the travel of littoral drift; 
the direction, strength and frequency of waves which threaten the safety of 
vessels; the location of the natural depths between the mouth of the waterway 
and deep water in the ocean; the dimensions and alignment required for pros- 
pective navigation under the most adverse navigation conditions; and the char- 
acter and use made of coastal shores on each side of the inlet all must be 
considered. In selecting the alignment of a bar channel to be improved by 
dredging, an analysis of wave refraction in the channel region and diffraction 
effects of structures considered will aid in determining the most suitable lo- 
cation. If the most suitable alignment from the standpoint of wave exposure 
results in increased initial dredging to provide the bar channel, the benefits 
to be gained must be weighed against the increased cost. The position of the 
bar channel at the time the improvement is being planned must not be taken 
as a governing factor in channel alignment without first studying historic 
migratory behavior of the channel. 

Since the greatest deterioration of a bar channel is caused by moving sand, 
the design location should be such as to reduce this to a minimum by orienting 
the axis perpendicular to the largest storm waves, if possible, to lessen sand 
movement and to allow scouring action of the tidal currents the best opportu- 
nity to hold the channel in place. As severe storms may approach the bar 
channel from one of several directions, it is necessary to determine which 
one predominates because the wave direction will usually not vary much from 
that of the winds, but if the angle of difference is appreciable, a compromise 
location will be necessary. 

Consideration should always be given to the feasibility and economy of 
maintaining a bar channel by dredging alone, and the relative merit of that 
method compared with the employment of training works before decision is 
made as to the most suitable plan of improvement or maintenance. 


Bar Channel Training Works, Jetties 


The principal function of bar channel training works or jetties is to stabi- 
lize and deepen the navigation channel through the deposits of fine material at 
the mouth of a river or entrance to a bay by preventing littoral sediment 
and/or stream-borne sediment from depositing in the channel, confining the 
discharge area to promote scour and extending farther into deep water the 
point where currents slacken and transported material is deposited. Jetties 
at the entrances to a bay or river also protect the navigation channel from 
storm waves and cross currents, and sometimes from deposits of materials 
which are moved alongshore by wave action. 

The functional design of jetties involves determinations of optimum rela- 
tions between number, alignment, spacing and length to meet the needs for 
protection against wave action, shoaling and shore erosion, as well as the re- 
quirements of navigation. A single jetty on the updrift side of the channel will 
usually suffice if reversals in drift direction are minor and if stream-borne 
sediments are not important. However, it is now generally conceded that 
where control of velocities is required to prevent shoaling by stream-borne 
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sediments, or where littoral drift is not strongly predominant in one direction, 
double jetties are necessary. 

Jetties are most often aligned parallel with the selected channel although 
converging or “arrowhead” jetty alignment has been employed in certain 
cases; but this is usually more costly, less effective in controlling velocities, 
and advisable only where a constricted entrance or interior spending beaches 
are necessary to control wave action. Jetty spacing is governed first by navi- 
gation requirements and second by the channel cross-section area necessary 
to maintain velocities sufficient to prevent excessive shoaling. The latter 
value will vary with the character of sediment involved and with the tidal and 
fresh-water regimen. 

A rule of thumb formula for cross-sectional area between jetties, derived 
from naturally maintained gorge dimensions at several unimproved inlets on 
the Pacific Coast of the United States, is: Cross-sectional area of gorge be- 
low mean sea level, in square feet, equals volume of tidal prism, in acre feet. 
Another formula, first proposed by M. P. O’Brien, for determination of area 
of a tidal inlet is as follows: 


A= 1000 T 9-85 


where A is the cross-sectional area of the inlet, in square feet, and T is the 
volume of tidal prism, in square mile-feet. 

Jetty lengths are governed by the channel project depth and the littoral 
characteristics of the coastal shore. A jetty on the updrift side of an inlet 
will impound material in the form of accretion along the adjoining updrift 
shore and its effective life as a littoral barrier depends upon this impounding 
capacity. It is thus necessary to predict the rate and manner of littoral 


accretion in selecting the optimum economic jetty jength, which is established 
on the basis of the effective life of the structure for impounding and dependent 
also upon the amount of channel maintenance which can be accomplished more 
economically by dredging rather than extending the jetty out farther into deep 
water. 

The downdrift shore adjacent to a jettied inlet may be expected to erode at 
approximately the same rate as accretion occurs on the updrift shore, except 
when a substantial part of the bar is on the downdrift side of the jettied chan- 
nel nourishment of the shore defers erosion until the bar material is depleted. 
Damaging erosion effects must be carefully predicted and evaluated in the 
economic analysis of bar channel training works. Where the value of prospec- 
tive erosion damage is high, it will be advisable to consider methods of by- 
passing littoral drift across the inlet in lieu of or in addition to training works, 
or to provide equivalent periodic nourishment of the downdrift shore with ma- 
teiral from other sources. 

The selection of the exact site, availability of materials and method of jetty 
construction presents economic problems. As the cost of transporting mate- 
rials to the site is generally a large percentage of the total cost, a thorough 
search is required to locate the nearest source of suitable materials. When 
alternative sites will accomplish substantially the desired purpose, that which 
requires the least distance for transportation of materials and/or permits the 
most effective construction method should be selected. 


Interior Channels 


Planning and design of interior channels within tidal waterways are based 
on the operational characteristics of ships, taking into account not only the 
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requirements of present-day vessels but also those of prospective construc- 
tion. The trend in vessel design generally is toward larger and faster craft; 
for example, tankers are now being built to 30,000 dead-weight tons, 625 feet 
long, 85 feet wide and drawing 34 feet loaded in salt water. 

In open water a navigator has considerable latitude in which to make ad- 
justments to offset the external forces acting on his ship, but in the interior 
channel of a tidal waterway time and space are limited. The unstable forces 
of tide, current and wind must be judged and compensated for quickly and 
accurately to avoid mishap and the navigator must be ever alert to possible 
interference from other traffic. The straighter, deeper and wider the channel, 
the easier it is to navigate and maintain economic speed. 

The channel depth must prove adequate clearance under keel, with proper 
allowances being made for sinkage and wave action. Sinkage results from the 
vessel dropping with the level of the supporting water surface in the vicinity 
of the vessel which is caused by the increase in velocity of water as it flows 
around the moving vessel. Additional lowering of the ship occurs when it 
drops into the trough of a large wave. In exposed channels this latter item 
is an important consideration and several additional feet of channel depth may 
be required to secure an all-weather channel. 

Although width has some effect on sinkage, the major problem of navigators 
in restricted channel is one of ship control and is most pronounced when ships 
pass each other and when they navigate bends. Passing ships develop asym- 
metrical pressures on the two sides of each ship which tend to sheer the ship 
from its original course, while in navigating a bend a ship forms a tangent to 
the curvature of the bend, and, consequently, is positioned slightly off center 
so that rudder action is necessary to prevent development of sheer. Widening 
of channel bends is in general use to minimize these hazards. 

In shallow or restricted channels the ship power required increases tre- 
mendously in comparison to that for equivalent speeds obtained in deep water, 
so with maritime interests becoming more economy minded because of the 
increased cost of ship operation, there is strong pressure for larger channels 
and particularly channels with greater clearance under keel so that open deep- 
water operating efficiency can be approached in restricted channels. 

Interior channels which are improved for navigation in tidal waterways fall 
into two general classes; namely, those in which construction of the required 
channel modifies to a large degree the regimen of the waterway, and those in 
which the channel to be constructed makes comparatively little change in 
existing hydraulic conditions. 

In the improvement of the first class, the location should be such as to 
avoid cross currents, the training works should make the channel as straight 
as possible, and necessary bends should be of easy curvature. If practicable, 
such improvement works should be located and constructed so as to provide 
a gradual enlargement of the channel from its upper end to the mouth. 

Longitudinal walls or dikes are the most effective means of training tidal 
waterways of the first class, especially when the bed and banks are composed 
of soft material. Where a section of the waterway is wider than the trained 
channel, so that considerable reduction in its width results, a system of spur 
dikes should be built first with the outer end of the dikes at the edge of the 
proposed channel, which will produce deeper water in the desired location for 
the new channel and filling between the dikes. If the deepened channel does 
not attain the regularity in alignment, depth and width desired, the heads of 
the dikes may then be joined by longitudinal walls to correct for much of the 
undesirable irregularity. Where the channel runs through marsh or other soft 
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ground, it may be desirable to stabilize the bends, which may be accomplished 
by providing walls or revetment, whichever is more advantageous. 

In the second class of interior channel, the basic problem is the determina- 
tion of cross-sectional areas necessary for maintenance of the given channel 
depth, without undue maintenance dredging. In tidal waterways along the 
North Pacific Coast this is accomplished by a simple method which is essen- 
tially as follows: From hydrographic survey charts the width between banks 
is scaled at as many sections as can be found where proposed project depths 
exist. These are the sections produced by tidal currents, stream flow and the 
other factors which have operated over a long period of time. The between- 
bank widths are then plotted against the distance along the waterway, and from 
the smooth curve drawn through the points the proper width of channel can be 
determined from any point. Where widths are too small and depths are ex- 
cessive, as often occurs in the gorge section of the entrance to a waterway 
from the sea, the natural cross-sectional area will furnish a guide in estimat- 
ing the width corresponding to project depth which will be self-maintaining 
between control works at the entrance, due allowance being made for possible 
reduction in hydraulic efficiency. 

The use of such a design procedure may often eliminate the need for ve- 
locity measurements, determinations of tidal prisms, estimates of velocities 
needed for maintenance, consideration of materials, silt and bed-load meas- 
urements, effects of salt water intrusion and river floods, etc. as the channel 
produced by the river over a long period of years gives, in such cases, a com- 
plete answer by integrating the effects of all factors involved. Thus, the engi- 
neer’s problem is reduced to reproducing self-maintaining sections of de- 
sired depths by constructing control works, which should be permeable, in 
some cases, so as not to disturb the regimen of the waterway, and in all cases 
over contraction must be avoided to minimize erosion problems. New chan- 
nel depths should, in general, be created by dredging, and dependence for 
maintenance placed in the control works. 


Breakwaters 


A breakwater, as the name implies, is a structural impediment to destruc- 
tive forces of storm waves which renders an area safe for the mooring, oper- 
ating and handling of ships ans small craft. They are constructed (1) to create 
artificial harbors; (2) to render secure and usable natural harbors that are 
enclosed and protected, except from one, usually least damaging, direction; 
(3) to convert open roadsteads into protected harbors; (4) to protect areas 
within the interior of large, established harbors against wave action originat- 
ing within the harbor; and (5) to provide protected mooring basins for fishing 
and pleasure boats. 

Among the problems affecting design of breakwaters are the physical char- 
acteristics of the site and factors such as exposure to wind, waves, current 
and tides; forces resulting from waves tend to damage or destroy any such 
structures, and tidal or littoral currents may cause scour and undercutting. 
If possible, data relative to the characteristics of storm waves at the locality 
should be determined by direct observation. Direction and velocity of pre- 
vailing winds and tidal and river currents, the angle at which waves break on 
the beach, material in the shore and bottom at the site, and silt carrying ca- 
pacity of nearby streams all cause variations in the effect of the structure. 

If serious beach erosion appears possible, the effect which the proposed 
works will have on the adjacent shore line should be investigated, caution be- 
ing used in arriving at conclusions as to sand movement along the beach for 
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to err in this may defeat the purpose of the breakwater. Because of a mistake 
as to the direction of sand movement, one breakwater built to keep sand out of 
a small boat basin, instead locked the sand in the basin, preventing its escape, 
with resulting shoaling of the basin. 

The cost of construction is often the controlling factor in determining the 
type of breakwater to use, and considerable savings in transportation cost can 
be made if suitable materials in required quantities are available locally. In 
general, a limited number of types of construction will be practical in any 
locality; but the cost of constructing and maintaining the different types may 
vary considerably, and the final decision as to the type may be dictated either 
by the initial cost of the structure or the annual cost of maintenance. 


Maintenance Problems in Tidal Waterways 


Federal maintenance work in tidal waterways, as authorized in the laws 
adopting river and harbor projects, may be classed under two main categories: 
(1) Repairs to harbor jetties, breakwaters and channel stabilization works; 
and (2) dredging to maintain project dimensions in navigation channels and 
anchorages of coastal harbors and waterways. While many engineering prob- 
lems are encountered in the two classes of maintenance work, particularly in 
the field of dredging, the problem of funds for necessary maintenance work is 
perhaps the most perplexing. 


Insufficient Maintenance Funds 


Funds appropriated in recent years for maintenance work have not been 
sufficient to provide for full maintenance of our important waterways, nor are 
there adequate amounts requested in current federal budget estimates. As a 
result, maintenance work must be limited to the most urgent projects neces- 
sary in the interest of military and essential domestic requirements, while 
work is postponed on other waterways, where shipping is made possible only 
at reduced draft or by placing reliance on the range of tide to permit cargoes 
to be delivered. 

The past necessity for partial or no maintenance in some areas, because 
of lack of funds, is revealed in the poor condition of many jetties, breakwaters 
and other protective structures. On the Pacific Coast, for example, some 
structures now need almost complete replacement instead of repairs of a 
minor nature, a most uneconomic policy in that complete reconstruction of 
structures is much more costly than recurrent repair, and structure benefits 
are partially or wholly lost during the period when there is need of extensive 
repair. Limited maintenance of channel regulating works is particularly ap- 
plicable to the Passes of the Mississippi River where a considerable amount 
of repair work on the dikes and jetties is desirable to provide a more stable 
channel, thereby decreasing the annual dredging requirements of this impor- 
tant passageway to the ports and harbors on the inland waterway systems of 
the Mississippi River and its tributaries. 

Partial maintenance dredging of channels also is uneconomic and a serious 
impediment to the free flow of commerce, as a result of vessels scraping the 
bottom. Turbulent propeller wash on the sides of a restricted channel will 
cause a higher rate of shoaling with resultant damage to vessels and the fre- 
quency of maintenance operations also is increased thereby, which directly 
affects the cost of maintenance over a period of years. 

Provision of adequate funds for maintenance requirements is especially 
urgent in view of the large volume of commerce being moved on our improved 
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waterways and harbors. Statistics for the calendar year 1952 reveal that the 
harbors and waterways of the United States carried 887,250,000 tons of water- 
borne commerce, which represents a continuation of the high level of activity 
experienced in recent years. In view of the unsettled international situation, 
our waterways should be placed in condition to alleviate to the fullest extent 
possible any transportation emergency. 


Maintenance Dredging 


Shoaling occurs to some extent in every tidal waterway, and it is most 
serious in those through which navigation channels have been dredged ap- 
preciably deeper than channel depths existing under natural conditions. The 
Delaware River alone requires maintenance dredging which averages about 
13,000,000 cubic yards annually, costing in the order of $2,500,000. Similarly, 
Savannah Harbor, Charleston Harbor, Mississippi River, Houston Ship Chan- 
nel and Colurhbia River Estuary approximate $1,000,000 annually for each. 
The Beach Erosion Board has compiled figures that indicate an average an- 
nual rate of maintenance in waterways under the jurisdiction of the Corps of 
Engineers of 185,000,000 cubic yards, costing on the order of $20,000,000, 
and, in addition, an annual cost for all governmental agencies and private in- 
terests in U. S. tidal waterways was estimated to total about $48,000,000. 

The important engineering problem in this category concerns means of 
reducing the enormous volume of shoal material being dredged annually. 
Examination of current dredging methods reveals at least three practices 
which, it is believed, contribute to excessive volumes of maintenance dredg- 
ing. (1) removal of low-density shoal materials, called “fluff,” from naviga- 
tion channels; (2) spoiling dredged material in adjacent water areas, marshes 
and offshore areas along the waterway; and (3) agitation dredging of shoal 
material. 

In some waterways, particularly along the Atlantic Coast, shoal materials 
consist of fine clay and flocculated particles which increase in density from 
that of sea water to a dense mud over a thickness of 5 to 10 feet. When an 
echo-sounder is used to determine the location of the channel bottom, two 
bottoms are indicated; one at the fluff line and the other at the firm bottom, 
so that, if dredging is accomplished on the basis of the fluff line several feet 
depth of shoal material is dredged which is semi-liquid and only slightly more 
viscous than sea water. It is questionable whether passage of vessels through 
this material has any major adverse effects on vessel movements, such as 
loss of speed due to increased ship resistance, loss of maneuverability, or 
loss of operating efficiency due to plugging of condensers. 

In order to reduce the volume of semi-liquid or fluff material being 
dredged, current practice in some waterways is to make check soundings 
with a lead line and base dredging operations on a hypothetical bottom several 
feet below the fluff line. Another method is to establish the bottom at a con- 
stant density level of 1100 grams per liter by sampling, thus leaving the fluff 
material of lighter density in the waterway. An investigation has been initi- 
ated by the Corps of Engineers to evaluate the effects of vessel passage 
through fluff material of various densities in hope of establishing the optimum 
density required for satisfactory vessel movement. This investigation in- 
cludes tests on a large tanker, loaded to several drafts, passing through shoal 
areas of the Delaware River. If it is found that vessel movement is not af- 
fected seriously by passage through several feet of shoal material with higher 
densities, say up to 1200 grams per liter, further reductions can be made in 
annual maintenance dredging. 
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The practice of spoiling dredge material into adjacent deepwater areas, 
marshes and offshore areas has in many cases been accomplished improper- 
ly, and a large percentage of the material finds its way back into navigation 
channels. When spoil is deposited in deep-water areas adjacent to a naviga- 
tion channel, often the material does not remain in place, as is evidenced by 
the fact that the deep areas continue to redevelop, and it is suspected that a 
large percentage of the spoil material is carried back into the navigation 
channel by tidal currents and wave action. 

The most common practice, in which a large annual yardage is involved, 
is to pump into the marshes adjacent to navigation channels. Although marsh 
grasses tend to trap coarse material, dredge flow and later rains, wave action 
and tidal currents eventually transport most of the fine material back into the 
navigation channel, where it again forms shoals. Spoiling in offshore areas 
to be effective must be diked to prevent “runback” of large quantities of mate- 
rial into the waterway, since measurements of runback from undiked offshore 
spoil areas along the Savannah River and Charleston waterways indicated that 
as high as 97 per cent of the material previously pumped was returned, con- 
sequently requiring continuous redredging. 

Another practice which results in rehandling of large volumes of shoal 
material is the so-called agitation dredging, which is done with a hopper 
dredge during the ebb tide period when there is a good outgoing current. 
After the hoppers are filled, the dredge continues to pump, discharging the 
shoal material through the overflow onto the surface of the waterway from 
which sand fractions quickly settle to the bottom, but the fine silt remains in 
suspension for some time and, consequently, is carried a considerable dis- 
tance downstream or out to sea, depending on how near the mouth of the river 
the dredging is done. In some cases, only a small percentage of the agitated 
material reaches the sea. Instead, it settles in water areas adjacent to the 
navigation channel and is later carried by tidal currents and wave action back 
into the channel, or, after being carried part way to sea on the ebb tide, is 
returned upstream by the following flood tide with the net result that, while 
agitation dredging temporarily restores channel depths in localized reaches, 
much of the material soon returns in one location or another. The obvious 
solution is, of course, either to carry the shoal material mechanically to sea 
or pump it into diked areas. 


Illustrative Tidal Waterway Projects 


In the foregoing sections of this paper, the engineering problems in U. S. 
tidal waterways have been discussed in general terms. In this section, three 
tidal waterways; namely, Mississippi River (Mouth to New Orleans), Grays 
Harbor, and Columbia River at the mouth, will be described to illustrate con- 
ditions under which previously mentioned problems occur and the complexi- 
ties when several of the problems are interrelated in a single waterway. 


Mississippi River (Mouth to New Orleans) 


New Orleans, one of the major ports of the United States for ocean going 
ships, is located on the Mississippi River 95 miles upstream of the Head of 
Passes and from there to deep water in the Gulf of Mexico is 22 miles via 
Southwest Pass and 15 miles via South Pass, which are the two main ap- 
proaches to the Mississippi River (Figure 1). The following navigation chan- 
nels have been authorized for the waterway: Southwest Pass, 40 ft. by 800 ft; 
South Pass, 30 ft. by 450 ft; and Mississippi River from Head of Passes to 
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New Orleans, 40 ft. by 1000 ft. Bar channels of 40 ft. by 600 ft. and 30 ft. by 
600 ft. are maintained at the entrances to Southwest and South Passes, re- 
spectively. 

The plan considered most feasible for carrying out the adopted improve- 
ment consists of the following: Dredging in the Mississippi River proper, 
dredging in both South and Southwest Passes, dredging through the bars at 
the foot of each pass, regulation and contraction works at the Head of Passes 
and in the passes, and regulation and control of outlets downstream of New 
Orleans. Discussion of the problems involved will be limited to those en- 
countered in Southwest Pass. 

The combination of poor alignment and hydraulic inefficiency of the chan- 
nels at the Head of Passes causes a decrease in velocity and shoaling at the 
entrance to Southwest Pass (Figure 2). The solution of this problem might 
appear to consist of some realignment of the banks of all three passes in this 
vicinity and part of the main river upstream toward Cubits Gap and contrac- 
tion of the entrance to Southwest Pass to approximately a 1400-foot surface 
width, which has proven to be the most efficient width throughout the remain- 
der of the Pass. This contraction could be obtained by a system of timber 
pile training works and dikes. 

An alternative solution is constant maintenance dredging. During the 
period 1942-47, a 35-foot entrance channel was maintained by dredging an 
average of 680,000 cubic yards annually, and it is estimated that maintenance 
of the 40-foot channel would involve annual dredging of about twice that figure. 
The cost estimate of annual maintenance of the 40-foot channel by dredging 
is not considered excessive in comparison with the estimated annual cost of 
constructing and maintaining contraction works together with a minimum of 
maintenance dredging. Accordingly, the channel at the entrance to Southwest 
Pass is being maintained by dredging only, 

Approximately three miles downstream of the Head of Passes the channel 
decreases in width from an average of 1750 feet to an average of 1450 feet, 
which is the governing width established by the dikes in the lower reaches of 
the Pass. Material moved from the bar at the head of Southwest Pass tends 
to be deposited in the wider reach, due to the lower velocities, and forms a 
shoal along the west bank of the pass. While these shoals are not of great 
volume, their removal causes additional expense and the inconvenience of 
the diversion of dredging plant from more important maintenance work, so 
that their elimination by contraction works in the form of permeable pile 
dikes is justifiable. 

The reach of Southwest Pass from between miles 10.5 and 19.5 was con- 
tracted to a surface width of 1450 feet by permeable pile dikes which were 
completed in 1939, and dredging for channel alignment and depths was com- 
pleted in 1943. Since that date, shoaling has occurred, particularly during 
and after floods of greater than average magnitude, which has caused defi- 
ciencies in channel width and depth, requiring corrective dredging to main- 
tain channel dimensions. Experience indicates, however, that the regimen 
of the channel remains fairly stable during low and normal river flows and 
that the training works effectively reduce the annual maintenance dredging 
in this reach of the pass. 

In the lower three miles of Southwest Pass, which is confined by earth 
jetties, pile training works and permeable dikes, high water shoaling is 
caused by the sudden reduction in velocity at the end of the jetty channel. 
Lack of maintenance during the war years resulted in subsidence of the jet- 
ties considerably below project grade, permitting large flows to pass over, 
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thereby reducing the velocity in the jetty channel and causing additional 
shoaling. The jetties are now being kept to grade and permeable dikes are 
being screened to increase the velocity and thus reduce shoaling. As the 
shoal area progresses onward into deep water, the jetties will need to be 
lengthened to maintain non-shoaling velocities. 

Shoaling in the entrance to the jetty channel also results from the littoral 
current which flows around the end of the east jetty, causing a large eddy and 
a resulting slackening of velocity at the critical area where the river and lit- 
toral currents meet, at which point the most serious shoaling tends to form. 
It is proposed to construct a semi-permeable dike, 800 feet in length, outward 
from the end of the east jetty to deflect the littoral current away from the jet- 
ty entrance and while it is probable that shoaling would occur along the chan- 
nel side of this dike it would be far enough removed from the channel to pre- 
vent any injurious effects. 

Another way to reduce shoaling at the several problem areas in Southwest 
Pass is to increase the discharge at the expense of Pass a Loutre. Various 
obstructions and contraction works have been tried at the Head of Passes, 
since the start of improvement of Southwest Pass in 1908, but not one of these 
works has had any effect on the distribution of flow, which indicates perhaps 
that the discharge capacity is a function of slope and hydraulic efficiency 
rather than of any localized minor obstruction. It seems unlikely that the 
discharge of the pass can be increased without some major change, as closure 
of some of the main distributaries of Pass a Loutre, the results of which 
would be extensive and unpredictable. This kind of plan should not be at- 
tempted without prior model investigations. 


Grays Harbor 


Grays Harbor is a tidal estuary on the southwest coast of the State of 
Washington, its entrance from the Pacific Ocean lying about 45 miles north 
of the Columbia River mouth. The harbor is roughly pear-shaped, diverging 
from the Chehalis River at Aberdeen, 15 miles east of the entrance, to a total 
width of 13 miles, including North and South Bays. The entrance from the 
Pacific Ocean is formed by two narrow sandy peninsulas, the northerly one, 

7 miles long, and the southerly one, 4 miles long, terminating at Point Brown 
and Point Chehalis, respectively. Westhaven Cove, a small craft harbor, is 
situated in the bight formed by the eastward curvature of the latter point 
(Figure 3). 

Two rubble mound jetties, constructed under Federal authority, converge 
seaward constricting the waterway width from 9,000 feet at the points to 6,500 
feet at the outer entrance. Beyond the jetties, an ocean bar composed of fine 
gray sand lies convex to the sea with a minimum depth of 20 feet. A ship 
channel from deep water extends in a northeasterly direction across the south 
end of the bar to a point just west of the south jetty, continuing within the en- 
trance eastward along the south jetty for about two miles, and then veering 
northeastward to bypass Point Chehalis and join the North and South channels 
leading to Chehalis River at Aberdeen. Dimensions of the ship channel under 
Federal project requirements are 30 by 600 feet to North Channel, where the 
width is reduced to 350 feet. 

The coastal area in the vicinity of Grays Harbor is subject to severe 
storms, particularly during winter months. Recent studies of harbor condi- 
tions made in connection with development of the existing project indicate 
that waves within Grays Harbor affecting the entrance to Westhaven Cove can 
attain heights of 5 to 6 feet, and swells most directly affecting the jetties and 


789-14 


/ 


Point Chehalis are from the west and northwest, attaining heights of 20 feet. 

As a result of the severe wave action and the normal tidal action within 
the harbor, extensive erosion has occurred along the north and west shores 
of Point Chehalis, which, if not counteracted, would eventually obliterate 
Point Chehalis and Westhaven Cove. Erosion also occurs along the north 
side of South Jetty of which approximately 5000 feet of the outer end has been 
destroyed. Protection of the small boat harbor in Westhaven Cove against 
wave action and maintenance of the ship channel by dredging, at the rate of 
1,500,000 cubic yards annually, are two of the functions necessary in coping 
with the problems in this area. Uncertainties as to the relative importance 
of wave action and tidal currents makes any choice of an over-all protection 
plan difficult; consequently, a program has been initiated by the Corps of En- 
gineers calling for model studies, field measurements and other investiga- 
tions, with only such remedial construction as was immediately required but 
which might be utilized in an over-all plan. 

A fixed-bed hydraulic model, reproducing all of Grays Harbor and the en- 
trance area, was constructed and tested at the Waterways Experiment Station 
from 1950 to 1952. The principal results and conclusions indicated by the 
model studies are summarized, as follows: (1) Training dikes or other struc- 
tures for deflecting tidal currents away from South Jetty and Point Chehalis 
would be generally ineffective unless so extensive as to become excessive in 
cost or to develop objectionable conditions for the navigation channel; (2) re- 
alignment of navigation channels would have no effect on tidal currents, and 
therefore erosion; (3) continued destruction of the outer end of South Jetty 
tends to reduce flood-tide velocities around Point Chehalis thereby alleviat- 
ing the scour problem; (4) the reduced length of South Jetty does not appear 
to cause any shoaling of the entrance channel; (5) dumping of dredged materi- 
al northwest of Point Chehalis might result in appreciable sand feeding on the 
north and west shores of Point Chehalis; (6) groins, constructed along the 
north shore of Point Chehalis, would reduce tidal currents along that shore 
and induced eddies would produce accretion if wave action were not too strong; 
(7) construction of three short breakwaters at the entrance to Westhaven Cove 
would result in adequate protection of the small boat harbor and currents 
would be beneficial from the viewpoint both of navigation and maintenance. 

In accordance with the findings of the model tests, protective works were 
constructed progressively as the actual needs were established by prototype 
behavior. These initially consisted of four permeable woodpile groins along 
the north shore of Point Chehalis and breakwaters A and B at the entrance to 
Westhaven Cove, but, after one year of operation, it was found that the per- 
meable groins did not arrest the erosion as wave action continued to erode 
the shore (Figure 4). It was concluded that rock reinforcement should be 
added to the groins to render them sand tight and three additional rock groins 
should be constructed seaward of the first four. Since erosion of the north 
shore continued during the next year, rock revetment and construction of a 
gap in groin No. 5, to permit continuous nourishment of the north shore, was 
required to maintain the shore line. 

Proposed future construction will consist of a Breakwater C to protect a 
proposed extension of the smail boat harbor to the southeast; rock revetment 
along the west side of the harbor, if and when erosion of the west shore en- 
dangers the harbor; and reconstruction of the outer end of South Jetty, if and 
when its continuing destruction results in severe shoaling of the bar channel 
or otherwise produces undesirable navigation conditions. At the present time, 
there appears to be no feasible way to reduce or eliminate shoaling in the 
naviagtion channels which would be less costly than maintenance by dredging. 
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Columbia River at the Mouth 


The Columbia River enters the Pacific Ocean at the Washington-Oregon 
boundary between two low sand spits, Peacock Spit on the north and Clatsop 
Spit on the South, which are connected by a submerged sandbar a short dis- 
tance seaward of the river entrance (Figure 5). Baker Bay is a large shallow 
water area partially separated from Columbia River to its south by Sand Is- 
land. The existing Federal Project for Columbia River provides for a chan- 
nel at the mouth 40 feet deep and not less than one-half mile wide secured by 
dredging and jetties, supplemented by groins. The project channel crosses 
the ocean bar and extends into the river mouth for a distance of 3 miles from 
the seaward ends of the north and south jetties, which are constructed princi- 
pally of rubble stone, 2 1/2 and 7 miles long, respectively. 

Maintenance work has included dredging along Clatsop Spit, where sand 
deposits encroach northward on the established channel alignment; provision 
of spur jetty A inside the north jetty to offset the cutting action of currents, 
which tend to move the channel northward in that vicinity; and protective 
works including pile dikes on the south side of Sand Island. 

Improvement of the navigation channel has not kept pace with the growth 
of commerce and increase in size and draft of ships in recent years. Rough 
seas at this location cause large vessels to pitch as much as 15 feet below 
their normal keel elevations in smooth water, so that passage of vessels with 
drafts exceeding 25 feet is hazardous during storm periods, and they must 
await favorable seas to enter or leave the waterway. These vessels have al- 
so experienced difficulty in making the relatively great deflection in sailing 
direction at the outer ends of the entrance jetties, where sands have en- 
croached on the south side of the channel, and the actual sailing line has been 
too close to the north jetty for safety during storms from the south. 

Shipping interests using this port urge improvement of the hazardous con- 
ditions by deepening the channel to 48 feet at mean lower low water for a 
minimum width of one half mile, located in conformity with the range lights 
established for the existing project channel, which would permit full loading 
of the ships and lessen delays in sailing. Two plans have been considered for 
providing the desired improvements: Plan 1 contemplates initial excavation 
and subsequent maintenance of the channel by dredging without additional 
structural works; whereas, under Plan 2, dredging would be supplemented by 
construction of a spur jetty B about 5,500 feet long located between north jetty 
and jetty A. 

The two major unknowns in these plans are: (1) The amount of dredging 
that will be required to maintain a 48-foot channel without jetty B, and (2) the 
reduction in maintenance dredging that would result if jetty B were construct- 
ed. It is certain that under plan 1 maintenance dredging will be increased 
over that required for the existing 40-foot channel, but whether the increase 
will be small or several times the present amount is purely speculative. 
Likewise, the effect of jetty B on reduction of maintenance dredging is un- 
certain. 

Presumably, construction of jetty B would effectively reduce sand en- 
croachment at the westerly end of Clatsop Spit to aid in maintaining a channel 
depth of 48 feet; however, there is valid indication that construction of jetty 
B might cause a shifting of the problem area to the west, with only temporary 
improvement in shoaling conditions, and might also result in a considerable 
loss of the deflective effect of north jetty, in which case the areas between the 
three jetties on the north shore would shoal materially and the main flow of 
the Columbia River would take a more westerly direction seaward. Clatsop 
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Spit would then extend seaward, depositing large quantities of sand in the 
navigation channel and causing the bar channel to shift to a more westerly 
direction. If, ultimately, Clatsop Spit should extend westward as far as the 
end of north jetty, flow would be fan-like over the bar, probably requiring 
increased dredging to maintain a 48-foot channel. 

After full consideration of the many factors, it was concluded that plan 1 
should be adopted for the initial improvement because of the smaller first 
cost and the possibility that maintenance dredging under this plan would not 
be excessive, but, if actual experience demonstrates after a few years’ trial 
that jetty B might aid in properly maintaining the channel at reduced cost, 
then further consideration will be given to its construction. 

The additional studies would include model tests to determine the best jet- 
ty plan with respect to the effects on tidal currents and on the amount that 
maintenance dredging would be reduced. In order to verify the model, proto- 
type data on the amount of dredging required to maintain the 48-foot channel 
without jetty B would be essential so that comparative test could be made to 
estimate the amount of reduction in dredging that would be caused by con- 
struction of jetty B. 


CONC LUSIONS 


The engineering problems encountered in tidal waterway development are 
complex and often baffling in the varied interaction of many forces. There 
is as yet only a limited understanding of many aspects of tidal hydraulics, 
which necessitates rather heavy reliance on intuition and judgment in design- 
ing essential improvements for accommodating the constantly expanding volume 


of waterway traffic. The hydraulic model will continue to be a necessary and 
effective tool in the solution of engineering problems in tidal waterways, be- 
cause it effectively integrates many of the factors and influences which, here- 
tofore, and probably for a long time to come, have defied mathematical ex- 
pression. 
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